Objective To evaluate whether natalizumab treatment reduces microglial activation in MS.
Neuropathologic studies have demonstrated microglial activation in the normal-appearing white matter (NAWM) and at the rim of chronic active/smoldering lesions in brains of patients with MS. 1 The more advanced the disease, the more microglial activation has been seen. 1 This observation has been confirmed in in vivo PET studies of patients with MS using 18-kDa translocator protein (TSPO)-binding radioligands targeting activated microglia. [2] [3] [4] [5] [6] In these crosssectional studies, TSPO binding in the NAWM or at the chronic active lesion rim has been significantly stronger among patients with secondary progressive MS (SPMS) compared with patients with relapsing-remitting MS (RRMS) or healthy controls. [2] [3] [4] [5] [6] Transformation of relapsing MS into SPMS is clinically insidious and is known to be pathologically associated with CNS-resident innate immune cell activation. 7 Microglia and macrophages have protective and homeostatic functions, such as clearing of debris. In acute MS lesions, they uptake the degraded myelin, which promotes remyelination. 8 In progressive MS, microglia may instead acquire a harmful proinflammatory phenotype and promote neurotoxicity by secreting proinflammatory cytokines and free oxygen radicals. 9 This may be one of the mechanisms driving chronic tissue damage in areas surrounding chronic active/smoldering lesions, and this is believed to be one of the mechanisms contributing to clinical disease progression. 8 It is presently unknown whether blocking inflammatory activity with effective disease-modifying therapy alters microglia toward a less activated phenotype at sites related to progressive MS pathology. In this work, we addressed this question by performing an in vivo TSPO-PET imaging study in which we measured microglial activation longitudinally at 1-year interval in patients with MS with or without natalizumab treatment.
Methods

Study subjects
The study subjects were initially recruited as part of an investigator-initiated substudy to the ASCEND study at the Turku University Hospital, Finland. 10 ASCEND evaluated the effect of natalizumab on disease progression in SPMS. 10 Because of the low number (n = 4) of study subjects participating in ASCEND at our center, patients with MS were also recruited for PET imaging from the Turku neurology outpatient clinic. The ASCEND patients were treated and followed up in a blinded fashion. The rest of the patients were evaluated clinically in an open-label fashion, with the image analyses performed in a blinded fashion. The final composition of the study cohort of 21 patients with MS is shown in the table, top section. Exclusion criteria included corticosteroid treatment within 30 days of evaluation, active neurologic or autoimmune disease other than MS or another comorbidity considered significant, inability to tolerate PET or MRI, and a current or desired pregnancy following study enrollment. None of the patients were JCV-Ab positive. TSPO-PET results from 8 similarly imaged age-and sex-matched healthy controls were used for comparison.
Procedures
Ten patients were imaged using PET and MRI at baseline before initiation of natalizumab treatment and 1 year later. Eleven patients without any disease-modifying treatment were imaged for comparison using the same protocol. Expanded Disability Status Scale (EDSS) evaluation and recording of relapses were performed at baseline and after 1 year (table, middle section). Safety monitoring was performed regularly at 1-month intervals. Imaging was performed during 2013-2017, and all patients were reevaluated for the EDSS score in May 2018. Importantly, no adverse effects were observed during the follow-up period of patients.
MRI and data analysis
For the evaluation of MS pathology and for the acquisition of anatomic reference for the PET images, conventional MRI was performed with a 3-T Ingenuity TF PET/MR scanner (Philips). MRI of the healthy control group was performed with a Gyroscan Intera 1.5-T Nova Dual scanner for anatomic reference for the PET images (Philips). The following MRI sequences were used for image acquisition: axial T2, 3-dimensional (3D) fluid-attenuated inversion recovery, 3D T1, and 3D T1 with gadolinium enhancement.
For each patient, the T1 image at the first time point was coregistered in statistical parametric mapping (SPM8, version 8; Wellcome Trust Centre for Neuroimaging) to the sum image of realigned PET frames of the first session. All the other MRIs from the first session and the 1-year follow-up were then coregistered to the T1 image of the first session. For each time point, the MS lesions were identified using the Lesion Segmentation Tool (statistical-modelling.de/lst.html, a toolbox running in SPM8), 11 as described previously. 5 The resulting lesion mask images were used to fill the corresponding T1 image with the lesion-filling tool in the Lesion Segmentation Tool. The filled T1 was then used for segmenting gray matter (GM) and WM volumes with FreeSurfer 5.3 software (surfer.nmr.mgh.harvard.edu/). Glossary 3D = 3 dimensional; 9HPT = 9-Hole Peg Test; BP ND = binding potential; DVR = distribution volume ratio; EDSS = Expanded Disability Status Scale; GM = gray matter; IQR = interquartile range; NAWM = normal-appearing white matter; ROI = region of interest; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS; TSPO = translocator protein. The volumes of T2 lesion masks acquired with the Lesion Segmentation Tool were used for the T2 lesion load evaluation. In addition, for each patient, the Lesion Segmentation Tool masks at each time point were combined to a unified lesion region of interest (ROI). An average filled T1 image was also calculated from the filled T1 images of all MRI sessions, and it was used for ROI delineation for the cerebellum, striatum, thalamus, WM, and cortical GM with FreeSurfer. Furthermore, an NAWM ROI was created by removing the lesion ROI from the WM ROI. Perilesional 3-6 mm ROI with a distance of 3-6 mm to the lesion mask border was created by dilating the lesion mask image 3 mm and 6 mm and then removing the core from the resulting image. All ROIs were checked and manually corrected slice by slice with both T1-hypointense and T2-hyperintense lesion mask images to accurately correspond to the MS lesions.
[ 11 C]PK11195 radioligand production and PET The radiochemical synthesis of [ 11 C]PK11195 was performed as described previously. 5 The mean injected dose was 475.5 ± 53.1 MBq (mean ± SD) for natalizumab-treated patients with MS, 467.0 ± 73.1 MBq for untreated patients with MS, and 478.6 ± 17.7 MBq for the healthy controls with no significant dose differences between the groups.
PET was performed with a brain-dedicated High-Resolution Research Tomograph scanner (Siemens/Control Technology Incorporated, Knoxville, TN) with an intrinsic spatial resolution of approximately 2.5 mm.
12 First, a 6-minute transmission scan for attenuation correction was obtained using a 137 Cs point source. Thereafter, 60-minute dynamic imaging was started simultaneously with IV bolus injection of the radioligand. Head movements were minimized using a thermoplastic mask.
PET analysis PET images were reconstructed using 17 time frames as described previously. 5 The dynamic data were then smoothed using a Gaussian 2.5-mm postreconstruction filter.
5 Possible displacements between frames were corrected using mutual information realignment in SPM8. For each patient, the PET image from the subsequent session was coregistered to the PET image of the first session using the sum images of each session. Finally, all images were resliced to match an MR voxel size of 1 mm.
Microglial activation was evaluated as specific binding of [ 11 C]PK11195 using the distribution volume ratio (DVR).
For the estimation of the [ 11 C]PK11195 DVR, the timeactivity curve corresponding to a reference region devoid of specific TSPO binding was acquired for each PET session using a supervised cluster algorithm with 4 predefined kinetic tissue classes (SuperPK software). 13 The reference tissueinput Logan method, with a 20-to 60-minute time interval, was applied to the regional time-activity curves using the supervised cluster algorithm gray reference input.
In addition, voxel-wise parametric binding potential (BP ND ) maps were calculated using basis function implementation of SRTM 14 with 250 basis functions. Lower and upper bounds for theta were set to 0.06 1/min and 0.8 1/min. The resulting parametric maps were normalized to MNI space (Montreal Neurological Institute database) in SPM8, after which the difference BP ND images between PET scans (1 year-baseline) were calculated for statistical parametric mapping of differences between the 2 groups. The BP ND images were transformed to DVR (DVR = BP ND +1) for illustration purposes.
Statistical analysis
Statistical analyses were performed using R (version 3.5.2). Variables are reported as median (interquartile range [IQR] ). Mainly nonparametric tests were used because of the low number of subjects in both groups. The analysis of differences in demographic variables in the 2 groups was conducted using the Wilcoxon rank-sum test; for the differences in proportions of patients with SPMS and females, a χ 2 test was used. The differences in DVR values and MRI parameters in the 2 groups were compared using the Wilcoxon rank-sum test. The changes of DVR values and MRI parameters between followup and baseline were analyzed separately in both treatment groups using the Wilcoxon signed-rank test. All correlations are Spearman correlations, as the relationships between the variables could not be seen as linear. The partial correlations between the variables (EDSS change and DVR values) were adjusted for the time between the EDSS measurements as follows. The variables were regressed on the time difference, and the residuals of the model, i.e., the part in which the time difference impact has been removed, were used to calculate the partial correlations. A p value less than 0.05 from a 2-tailed test was considered statistically significant for all analyses.
Standard protocol approvals, registrations, and patient consents The study was approved by the Ethics Committee of the Hospital District of Southwest Finland. All participants provided written informed consent according to the Declaration of Helsinki.
Data availability statement
The raw data used in preparation of the article will be shared in anonymized format by request of a qualified investigator.
Results
The demographic characteristics, conventional MRI data, and clinical outcome measures of the patients are shown in the table, top section. In total, 21 patients took part in the study, and 16 (76%) of them had SPMS. Of the 10 natalizumabtreated patients, 2 were treatment naive, and the rest were switching from other therapies, which included fingolimod and interferon beta-1a. The median time since previous treatment was 2 months (IQR 1-3 months). The second PET and MRI images were obtained 54.6 weeks (median, IQR 53.0-60.1 weeks) after the baseline imaging among natalizumab-treated patients and 54.0 weeks (median,
lesion burden, or initial aggressive disease in case of the treatment-naive patients.
In the untreated group, the median time since previous treatment was 16 months (IQR 4.5-27.5 months). None of the patients had gadolinium-enhancing lesions in either MRI scan. The untreated group had higher T1 and T2 lesion loads compared with the natalizumab-treated group (table, middle section). The natalizumab-treated group, which also included patients with RRMS, had a lower median EDSS score at baseline (table, top section). Compared with a group of age-matched healthy control persons (n = 8, historical data obtained and analyzed similarly to the methodology in this study), the patients with MS participating in this study had significantly more microglial activation in the NAWM (p = 0.026) and thalamus (p = 0.005) at baseline ( figure 1A) . In other ROIs, no significant differences were observed between the groups (data not shown). No significant differences were observed in the baseline DVRs between the natalizumab-treated and untreated groups in any brain area studied (table, bottom section).
Natalizumab treatment reduced microglial activation in the NAWM. This was demonstrated as a significantly smaller DVR of the TSPO radioligand binding after treatment vs before treatment (1.22 vs 1.25; p = 0.014, Wilcoxon, figure  1B) . The same was true for the 3-to 6-mm perilesional area (1.18 vs 1.24; p = 0.014, figure 1B) . Similarly, there was a decrease in microglial activation following natalizumab treatment in focal inflammatory lesions (figure 1B).
Contrary to the natalizumab-treated patients, we observed an increase in microglial activation during 1-year follow-up of patients with MS with no treatment. Here, the DVR of the TSPO radioligand binding increased from 1.23 to 1.27 (p = 0.045) in the 3-to 6-mm perilesional area, and in the NAWM, there was a trend toward the increase, from 1.25 to 1.28; p = 0.068 ( figure 1B) . No alteration was observed in microglial activation in the GM in either group (figure 1B). Differences in microglial activation in natalizumab-treated vs untreated patients were confirmed using an independent voxel-based whole brain analysis of parametric BP ND difference images (figure 2). Figure 3 demonstrates representative PET and MRIs before and after untreated follow-up of 1 year (A) and before and after natalizumab treatment (B), with surface plots visualizing the microglial activity around the chosen lesions.
Both patient groups were evaluated for development of clinical disability using the EDSS score at baseline and after 1 year. In both groups the median EDSS score was unaltered after 1 year (3.5 among natalizumab-treated cohort, figure 4A , and 6.0 among untreated cohort, figure 4B ).
Furthermore, in the untreated group, the EDSS score was reevaluated after an average of 4 years (median 48.7 months, IQR 38.4-56.3 months) with a median value of 6.5. Higher baseline TSPO radioligand binding in the NAWM and in the 3-6 mm perilesional area was associated with a greater EDSS score increase during the follow-up (p = 0.013 and p = 0.003, respectively; figure 4, C and D). Spearman partial correlations, where the effect on the time between the measurements has been removed, confirmed these results (p = 0.013 and p = 0.007, respectively). Because some patients in the treated group terminated the natalizumab medication after the 1-year follow-up, no later evaluation of the EDSS score was performed in this group.
Discussion
The results from this longitudinal in vivo PET study of a total of 21 patients with MS demonstrate that microglial activation is reduced following 1 year treatment with natalizumab. Our study confirms reduction in microglial activation in focal MS lesions as shown before, 15 but now indicates it also in areas relevant for MS disease progression such as the NAWM and the perimeter of chronic T1 lesions. It is expected that treatments leading to reduced microglial activation in these areas will help slow down the neurodegenerative process and disease progression in MS. 8 Microglial activation in the MS brain has been evaluated in cross-sectional neuropathologic studies [16] [17] [18] and in crosssectional PET imaging studies among patients with MS. [3] [4] [5] [6] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] The results from these multiple studies are concordant and demonstrate increasing microglial activation in the NAWM and in the perilesional areas with advancing disease. Few longitudinal TSPO-PET studies have addressed therapeutic effects on microglia. 15, [29] [30] [31] They indicate that the present MS therapies are effective in reducing activation of the innate immune system within the CNS, particularly in association with lesions. We demonstrate now for the first time a reduction in microglial activation both in the NAWM and at the rim of chronic active lesions. This confirms that the diffuse smoldering inflammation associated with MS disease progression can be therapeutically targeted using efficient anti-inflammatory medication. Monoclonal antibodies, such as natalizumab, are large proteins and likely do not enter the CNS in any significant amount through an intact blood-brain barrier. 32 Hence, we interpret that the positive study result is mostly due to efficient blocking of inflammatory cell entry from the periphery into the CNS rather than direct effect of natalizumab on the resident innate immune cell population within the CNS. In fact, it has been demonstrated earlier in a series of elegant animal experiments that CNS-entering autoreactive T cells induce microglial activation and enhance TSPO expression. 33 Our study was performed as an investigator-initiated substudy to the ASCEND study. ASCEND (sponsored by Biogen Idec) was a phase 3 double-blind placebo-controlled randomized controlled trial in SPMS. 10 In this study, natalizumab treatment did not meet the primary efficacy end point of reducing sustained disability progression unrelated to relapses. This was measured by a multicomponent end point, which included the EDSS, Timed 25-Foot Walk, and 9-Hole Peg Test (9HPT). Natalizumab treatment did however reduce worsening of hand function of the patients in this study, as measured by the 9HPT. This, along with our findings of reduced microglial activation following natalizumab treatment, suggests that natalizumab treatment can be useful even in an advanced MS patient cohort, despite of the negative primary outcome in ASCEND. Problems of EDSS measurement as a clinical outcome in studies of progressive MS are well recognized, and the EDSS was slow to respond to treatment also in the present study. Because preserving upper limb function is highly desirable among patients, the 9HPT has been suggested as a primary outcome in some studies of progressive MS, with a final aim to maintain the usability of hands of patients. 34 ,35 Ours is the first study to evaluate longitudinally the natural evolution of MS disease pathology in terms of glial activation. We show that microglial activation increased during natural evolution of MS disease in the NAWM and perilesional areas during a period of 1 year. This was demonstrated in the control group of untreated patients with MS who mostly presented with secondary progressive disease type. Microglial activation is thus a dynamic process associated with MS disease evolution and can be measured using longitudinal in vivo TSPO-PET imaging. Of interest, higher degree of microglial activation in the NAWM and in the perilesional area in the baseline PET images of the untreated patients correlated with a greater increase in the EDSS score during follow-up of a median duration of 4 years. This observation supports the hypothesis that microglial activation plays an eminent role in contributing to clinical disability and suggests that the level of microglial activation could be used as a predictive imaging biomarker for MS disease progression. To identify those patients who are more likely to progress would be of significant value both for choosing treatments aiming to reduce disease progression for patients with MS in the clinic and for choosing suitable patients with MS for clinical trials of progressive MS.
The single previously published longitudinal TSPO-PET study evaluating the effect of natalizumab treatment detected a significant decrease in microglial activation in both enhancing and nonenhancing lesions. The investigators concluded that the NAWM had stable [ 11 C]PK11195 uptake over 6 months and thereafter deemed the NAWM as an ideal reference tissue. The lack of treatment effect on the NAWM in the study by Kaunzner et al. 15 may be due to the shorter treatment time compared with our study (6 months vs 12 months). Similarly, 6-month fingolimod treatment did not reduce the microglial activation within the NAWM. 30 Because of the heterogeneous nature of the natalizumab-treated patient cohorts in these studies, it remains uncertain whether treatment of a pure SPMS patient population would lead to Figure 2 Demonstration of the natalizumab-induced reduction in [ 11 C]PK11195 binding compared with the change in the untreated group Statistical parametric mapping was used to demonstrate brain areas where radioligand binding is significantly different between natalizumabtreated and untreated patient cohorts. Two-sample t-test was performed with normalized parametric binding potential (BP ND ) difference images between PET scans (1 year-baseline) in MNI space (Montreal Neurological Institute database), where the images were smoothed with 3D Gaussian 8-mm FWHM filter to ensure normality before the statistical analysis. Multiple comparisons were corrected using the family-wise error (FWE) rate, and the critical significance level to reject the null hypothesis was set to 0.05. similar reduction in microglial activation. This will need to be confirmed in a separate study. No alteration was observed in microglial activation in the GM in the present study.
[
11 C]PK11195 is the first and most widely used TSPObinding PET ligand in imaging of neuroinflammation. 36 We chose to use the [ 13,37 New second-and thirdgeneration TSPO ligands with better binding characteristics have been developed and tested also in imaging of MS. 2, [22] [23] [24] [25] [26] [27] [28] These, however, show heterogeneous binding to TSPO due to genetic polymorphism (rs6971), which complicates interpretation of the results. Moreover, the best quantification methods for these ligands are still being sought. 38 TSPO expression in the brain is not specific for activated microglia, but also some astrocytes, macrophages, and endothelial cells express the molecule. The specificity of TSPO binding regarding M1-like and M2-like microglia has been unclear, but recent evidence from in vitro and animal studies suggests that the increased expression of TSPO in neuroinflammation predominates in proinflammatory M1-like microglia. 39 Natalizumab, by blocking the entry of autoreactive lymphocytes and monocytes into the CNS, is one of the most effective disease-modifying treatments for RRMS. 40 Our results demonstrate that natalizumab treatment leads to reduced activation of microglia and macrophages behind an intact blood-brain barrier in brain areas relevant for disease progression. The study thus supports the usability of TSPO-PET imaging as a surrogate outcome measure in studies of progressive MS and opens new vistas for designing future therapeutic studies in progressive MS. 11 C]PK11195 DVR values in the NAWM and 3-6 mm perilesional area associated with a greater EDSS score increase during the 4-year follow-up (n = 11). The correlation analysis was performed using Spearman correlation. Asterisk denotes statistically significant group difference at a level of p < 0.05. DVR = distribution volume ratio; EDSS = Expanded Disability Status Scale; IQR = interquartile range; NAWM = normal-appearing white matter; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS. 
Study funding
Name
